High-temperature technologies are widely used in many industries and the high temperature components are usually designed for long term operation. Creep damages are inevitable in service, which may lead to the loss of material strength. Volumetric defects such as pits may occur during the manufacturing process and during service. These defects may cause severe reduction of the limit load of structures. The existing assessment procedures do not take into account the effect of plasticity-damage due to creep, which may lead to inaccurate assessment results. This paper aims to investigate the limit load of pressurized components with volumetric defect subjected to high temperature creep. An elasto-plastic constitutive model with coupled plasticity-damage due to creep effects is proposed. The limit load of high temperature structures with volumetric defects is systematically studied using nite element method. Safety assessment approach for structures considering plasticity-damage due to creep effect is subsequently proposed based on the principle of tness for service .
Introduction
The in service temperatures and loading conditions for high temperature components are becoming increasingly more complicated, which makes ef ciency, energy conservation and environmental protection a great concern in the chemical industries. Moreover, considerable in-service power and chemical plants are operated beyond the designed life for economical reason. Under these circumstances, accurate prediction of the limit load of high temperature components stand out in the process of assessment, inspection and maintenance.
Such structured materials are widely believed to have their mechanical properties connected to their defects in structures. Cracks in metals at elevated temperature had received much attention 1) , some of the researchers have derived laws of creep crack growth and its life for these materials by conducting creep crack growth [2] [3] [4] and multiscale studies 5) . While volumetric defects such as pits are known to be another common defects for pressure equipment in the process of manufacture, installation and operation, due to mechanical damage or erosion-corrosion. This in turn causes the local stress concentration and reduce the limit load of the structure, potentially causing failure or disasters. Many studies have been carried out to deal with these problems. Kitching 6) computed a lower bound to the limit pressure of a cylindrical shell with a rectangular slot part through the thickness at mid-length using a linear optimization technique. Miller 7) reviewed existing limit loads of structures containing defects including the empirical equations and analytical solutions. But limited to computation conditions at that time, many rules were based on assumptions and simpli ed. Chen et al. 8) formulated the 3-D limit analysis of rigid-perfectly plastic structures as a discrete nonlinear mathematical programming problem with only equality constraints by means of the nite element technique. The in uence of defects shape and size on the structure limit load were studied and formula were tted for safety assessment of the structure containing pitting defects 9) . However, these studies were based on elastic-perfectly plastic material and did not take the effect of high temperature plasticity-damage due to creep into account. Creep is one of the most important factors for degradation of material properties at high temperature.
Research on design and prediction of remaining strength of thin/thick walled cylinders under creep condition has been discussed [10] [11] [12] . Theoretical derivation and experimental procedures are covered as well as numerical analysis, including the determination of plastic loads pipes with internal uid pressure. During the life of the component, the rate constantly varies due to time-dependency of stresses and variation in stresses through the tube wall thickness 13) . Kachanov and Rabotnov 14, 15) opened a new era of study on creep damage by establishing a constitutive model to describe the rule of creep damage evolution based on damage factor. Recently researchers built more damage models based on microstructural mechanism. Preußner et al. 16 ) developed a creep model based on the dislocation density and studied creep behavior of metals with fcc, bcc and hcp crystal structures. Fischer and Svoboda 17) extended the diffusion creep model to general dislocation structure.
Despite the substantial literature mentioned above, these efforts have failed to describe the loss of material strength due to plasticity-damage due to creep. Therefore this paper aims to establish a coupled elasto-plastic plasticity-damage due to creep constitutive model. This proposed model will be employed to predict the elasto-plastic response of long-term operational materials under high temperature. The limit load of high temperature structures with volumetric defects is systematically studied using nite element method. Safety assessment approach for structures considering plasticity-damage due to creep effect is subsequently proposed based on the principle of tness for service .
Plasticity-Damage due to Creep Evolution
Plasticity-damage due to creep is affected by the following three factors from the microstructure; (i) the particle coarsening, (ii) and solid solution depleted and (iii) micro-cavity nucleation. Therefore the damage evolution model can be established by incorporating these factors.
Damage rate due to particle coarsening Ḋ P 18) is given by
In the equation, t 0 , t r is the start and rupture time of creep. K P is rate constant for particle coarsening.
Damage rate due to precipitated particles Ḋ S 18) is given by
where K S is rate constant for precipitated particles. During the late stage of creep, voids and micro-cracks exert a growing in uence in the plasticity-damage due to creep evolution. The dominant factor of damage evolution would be the void nucleating and growth, the number density of voids is a stable value in the process of damage evolution.
Damage rate due to cavitations Ḋ N 18) is given by
Where, A, υ, φ are constants related to the minimum creep rate.
From the analysis above, plasticity-damage due to creep is not caused by a single isolated mechanism of material degradation, but as a result from a combination of multiple factors. The total plasticity-damage due to creep D can therefore be expressed as 19) 
Where, the D P , D S , D N can be determined by solving differential eqs. (1), (2) and (3).
Coupled plasticity-damage due to creep constitutive
model There are various elasto-plastic constitutive models, such as perfect elasto-plastic model, linear hardening model and power law model etc. Considering that the yield platform of material in this study is short, similar to the Ramberg-Osgood model, this model is thus chosen to describe the elasto-plastic response of material plasticity-damage due to creep.
The Ramberg-Osgood model was proposed in 1943, and the stress-strain relation is de ned by
where E is the elastic modulus, σ is the stress, σ p is the reference stress, n is the strain-hardening exponent and α is the offset of yield. Damage was presented originally as an engineering concept and there are various de nitions from different researchers. Based on the classic continuum mechanics, continuum damage mechanics (CDM) introduced an internal variable which can describe the internal defects inside the materials, and estimate the creep damage to obtain the mechanical properties of damaged materials 20) . According to the conventional creep-damage theory of Kachanov-Rabotnov, the constitutive and the evolution equation in uniaxial stress are given as follows 21, 22) 
Where, ε, σ, D are the creep strain, tensile stress and damage variable and A, n, H, q are the material constants.
Based on the studies of Ashby and Dyson 23) , plasticity-damage due to creep models under different mechanisms can be expressed by eq. (6) and eq. (7). In this research, the authors have developed a continuum damage model by substituting eq. (4) into Ramberg-Osgood model, then the coupled plasticity-damage due to creep constitutive can be expressed as follow:
Validation of constitutive model
The material constants α and n in eq. (8) can be determined by uniaxial tensile curves under different strain rates. The damage factor D in eq. (8) is calculated by D P , D S , D N from eq. (1), (2) and (3), where the parameter K P and K S in eq. (1) and (2) are obtained from literature 24) and the D N in eq. (3) can be determined by the creep parameters E, A, υ, ϕ of 2.25Cr1Mo steel at 550 C (the speci c parameters in Table 1 , where the stress unit is MPa, and time unit is hour).
The plasticity-damage due to creep D P , D S , D N for a given creep time can be obtained by numerical integration of the eq. The material stress-strain relationship at this time can be obtained by substituting D into the eq. (8) . In order to validate the model we need the materials with different level of creep damage. It was dif cult to obtain the longtime creep damage material, so it was decided to accelerated creep testing in laboratory. Specimens have been creep tested at 550 C, 9.8 MPa. In each case, the tests were interrupted at different stage. The stress-strain curves calculated by the model are compared with the experimental data in Fig. 2 . It can be seen that the calculated result agrees quite well with the experiment output and predicts the true stress-strain relationship of the creep material. To further verifying the accuracy of the proposed model, predictions are made with data from the literature [24] [25] [26] [27] , which are the yield and tensile stresses of 2.25Cr1Mo steel after creep for different long term temperatures at 550 C, 9.8 MPa being used. Although the experimental data is taken from different literature, the error between model prediction and experimental data is no more than 8%. As is shown in Fig. 3 , the model prediction is in accordance with the literature data.
Limit Load Analysis of High Temperature Pressurized Components with Volumetric Defects
This paper deals with the pressure structures containing volumetric defect, the geometric model of cylindrical structure under inner pressure load is shown in Fig. 4 . Due to the rotational symmetry, only one-quarter of the total geometry was modelled. Three-dimensional eight-node solid elements with reduced integration (element C3D8R in ABAQUS) were employed to model the structures containing the spherical and ellipsoidal pits (Fig. 5) . Approximately 5400 elements were utilized in each structure. For verifying the nite element study and testing the convergence, we performed three additional nite element studies were performed and the number of elements (4000 & 9000 elements) was varied. There were only small differences in the strain and stress values between the 9000 and 5000 eight-node study.
According to the constitutive presented this paper, mechanical properties of materials for the 2.25Cr1Mo steel with different plasticity-damage due to creep are calculated in Table 2.
Conventional limit analysis assumes that the structure of the ideal elastic-plastic material can withstand maximum load. Considering the potential of strengthening of materials, the true stress-strain was introduced in modelling. The material load -displacement curve was drawn with the incremental nite element method and then the limit loads were determined according to the zero curvature method.
To simplify the defect, we de ne K = R o /R i , A/B, C/B, C/T represent the ratio of defect. Limit load is normalized as P LS = P L /P L0 , here P L0 is the limit load of the structure without defect. Considering the materials with different creep duration, the plasticity-damage due to creep is de ned as normalized creep time t C = t/t r , here t is creep time and t r is the creep rupture time. In this paper, two types of pit defect on the outer of thick wall cylinder (K = 1.25) was studied, the spherical and ellipsoid, the value of the parameters are shown in Table 3 .
Using the FE model and parameters above, the limit load solutions of cylinder including pit defect and different plasticity-damage due to creep on the internal pressure are solved. Based on the analysis, different effects such as defects and plasticity-damage due to creep on the limit loads are plotted in Figs. 6-9 .
From Figs. 6-9 we can see that the limit load of cylinder will decrease linearly with an increase in size of defect and nonlinearly with increase inthe creep time. According to Table 3, under the same condition of C/B, the limit load of cylinder will decrease with A/B increasing. Results indicate that the cylinder with ellipsoidal pit defect (A/B = 5) has a lower limit load than that with spherical pit defect (A/B = 1) if the size of defect is equivalent. The limit load of cylinder decreases sharply in the early stages of the plasticity-damage due to creep, with subsequent gradual slow down. The cylinder with ellipsoidal pit defect (A/B = 5) is more susceptible to plasticity-damage due to creep than that with spherical pit defect (A/B = 1). 
Limit Load Assessment of High Temperature Pressurized Components with Volumetric Defects
Let g 0 as a dimensionless parameter
Where, A, B, C are sizes of defect, R m and T are diameter and wall thickness respectively. According the literature 28) , the limit load of cylinder with a pit outside is more sensitive to the square root of g 0 . Therefore let,
By tting the data in the Figs. 6-9, then the Limit loads of the cylinder with pit outside varying with defect dimension and plasticity-damages due to creep can be calculated, as shown in Fig. 10 and Table 4 . According to Table 4 , at a conservative estimate of the limit load of the cylinder with defect and different plasticity-damages due to creep subjected to internal pressure load is
Conclusion
Considering the microstructure mechanism of plasticity-damage due to creep, an elasto-plastic constitute is established by coupling the plasticity-damage due to creep into Ramberg-Osgood model. The main conclusions are summarized below.
Based on the creep and tensile experiments and CDM plasticity-damage due to creep model, an elasto-plastic constitutive relation was established. The proposed model is able to offer helpful and reliable predictions of the effect of lasticity-damage due to creep of materials.
The limit load of high temperature structures with volumetric defects is systematically studied using nite element method. The cylinder with ellipsoidal pit defect has a lower limit load than that with spherical pit defect when the size of defect is equivalent. And it is more susceptible to plasticity-damage due to creep than that with spherical pit defect.
Safety assessment approach for structures considering plasticity-damage due to creep effect is subsequently proposed based on the principle of tness for service . Limit load of the structure without defect P LS Normalized limit load t C Normalized creep time P
Nomenclaturė

C LR
Limit load of the cylinder with defect and plasticity-damage due to creep
